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ABSTRACT
Context. The Bulge Globular Clusters (GCs) are key tracers of this central ancient component of our Galaxy. It is essential to
understand their formation and evolution to study that of the bulge, as well as their relationship with the other Galactic GC systems
(halo and disk GCs). High resolution spectroscopy is a powerful tool for such studies, allowing us to obtain a detailed chemical
characterization and kinematics of the clusters and to compare their chemical patterns with those of their halo and disk counterparts.
Aims. Our main goals are to obtain detailed abundances for a sample of seven red giant members of NGC 6528 in order to characterize
its chemical composition and study the relationship of this GC with the bulge, and with other bulge, halo and disk GCs. Moreover,
we analyze this cluster’s behavior associated with the Multiple Populations (MPs) phenomenon.
Methods. We obtained the stellar parameters and chemical abundances of light elements (Na, Al), iron-peak elements (V, Cr, Mn, Fe,
Co, Ni, Cu), α-elements (O, Mg, Si, Ca, Ti) and heavy elements (Zr, Ba, Eu) in seven red giant members of NGC 6528 using high
resolution spectroscopy from FLAMES-UVES.
Results. We obtained in six stars of our sample a mean iron content of [Fe/H]=-0.14±0.03 dex, in good agreement with other studies.
We found no significant internal iron spread. We detected one candidate variable star, which was excluded from the mean in iron
content, we derived a metallicity in this star of [Fe/H]=-0.55±0.04 dex. Moreover, we found no extended O-Na anticorrelation but
instead only an intrinsic Na spread. In addition, NGC 6528 does not exhibit a Mg-Al anticorrelation, and no significant spread in
either Mg or Al. The α and iron-peak elements show good agreement with the bulge field star trend. The heavy elements are slightly
dominated by the r-process. The chemical analysis suggests an origin and evolution similar to that of typical old Bulge field stars.
Finally, we find remarkable agreement in the chemical patterns of NGC 6528 and another bulge GC, NGC 6553, suggesting a similar
origin and evolution.
Key words. stars:abundances-globular clusters: individual: NGC 6528
1. Introduction
The detailed study of each main component of our Galaxy is crit-
ical to understand their formation and evolution, as well as that
of the Galaxy as a whole. This is graphically illustrated by the
many current and new surveys that seek to enlighten our Galac-
tic knowledge, such as: the VVV survey (Minniti et al. 2010),
the Gaia-ESO survey (Gilmore et al. 2012), SDSS-IV (Blanton
et al. 2017), and The Gaia mission.
One of the main components of our Galaxy is the bulge,
which, being likely the oldest Galactic component (e.g. Ces-
cutti et al. 2017), provides us with invaluable information about
the origin and subsequent evolution of our Galaxy. One of the
key tracers of the bulge is the large number of GCs concentrated
there, as first famously realized by Shapley, which we now rec-
ognize form an independent GC system from that of the halo
(Minniti 1995). Despite the observational difficulties associated
with detailed investigations of such GCs, particularly crowding
in this dense central region of the Galaxy and strong and variable
reddening, their importance is such that more and more studies
are exploring these fundamental objects.
In general, the GCs that have been studied in the more acces-
sible halo and disk have been characterized by inhomogeneities
in their light-element content (C, N, O, Na, Mg and/or Al), most
prominently appearing as O-Na and Mg-Al anticorrelations. In
fact, the O-Na anticorrelation has been found in almost all Galac-
tic GCs(Carretta et al. 2009a), with Ruprecht 106 (Villanova
et al. 2013) being the most likely exception, and has even been
suggested as a defining characteristic of GCs (Carretta et al.
2009a,b, 2010b).
These chemical patterns must be due to the self-enrichment
that GCs suffer in the early stages of their formation, allowing
the formation of multiple generations of stars within the GC
(Gratton et al. 2004). Suggested ‘polluters include intermediate
mass AGB stars (D’Antona et al. 2002, 2016), fast rotating mas-
sive MS stars (Decressin et al. 2007; Krause et al. 2013) and
massive binaries (de Mink et al. 2010; Izzard et al. 2013).
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The spread in iron content is another peculiarity that has been
observed in a smaller fraction of GCs, although in some cases
this needs to be corroborated with more detailed studies, as in
the case of NGC 3201 (Simmerer et al. 2013; Muñoz et al. 2013;
Mucciarelli et al. 2015). In general, some massive GCs in partic-
ular display iron variations, most notably Omega Cen (Johnson
et al. 2008; Marino et al. 2011a), M22 (Marino et al. 2011b;
Da Costa et al. 2009), M54 (Carretta et al. 2010a) and Terzan 5
(Origlia et al. 2011).
The study of Bulge GCs, although lagging behind until now
because of observational issues, has seen increasing efforts re-
cently, allowing important improvements in our previously very
scanty knowledge of these key objects. In our first paper on bulge
GCs, focused on NGC 6440 (Muñoz et al. 2017), we found that
apparentlRy the evolution of some bulge GCs is not so similar to
that of the halo GCs as often postulated. Additionally, the bulge
GCs show great agreement with the overall chemistry of bulge
field stars (Muñoz et al. 2017). However, the main problems lim-
iting study of bulge GCs remain the large and variable extinction
and high crowding.
In this second paper, we have studied the bulge GC NGC
6528. It is located at (l=1◦, b = −4◦), at a distance of 0.6 Kpc
from the Galactic center with a nominal reddening of E(B-V)=
0.54 (Harris 1996, 2010 edition). It is a rather well-studied bulge
GC, lying in Baade’s window and very near another bulge GC,
NGC 6522. NGC 6528 has been studied by several authors with
different instruments and techniques. Carretta et al. (2001) stud-
ied four Red Horizontal Branch (RHB) stars using high resolu-
tion spectrogrpah HIRES from the Keck telescope. Origlia et al.
(2005) studied four Red Giant Branch (RGB) stars using the
Near Infrared Spectrometer (NIRSPEC) spectrograph at Keck
II, and they achieved to measure the chemical abundances for six
different elements. Also, Schiavon et al. (2017) reported chemi-
cal abundances for six elements, which were obtained by Sloan
Digital Sky Survey (SDSS)-III. Saviane et al. (2012) studied this
cluster using the Calcium triplet technique, Lagioia et al. (2014)
analyzed this cluster using optical photometry from HST, Cohen
et al. (2017) used near-infrared photometry, Dias et al. (2015)
studied a large sample of GCs among them NGC 6528 with
low-resolution spectroscopy and Zoccali et al. (2004) used high-
resolution spectroscopy and they found overall metallicity Z≈Z.
It is particularly interesting that Mauro et al. (2014) found a pos-
sible iron spread in this GC based on the low resolution Ca triplet
spectra of seven stars obtained by Saviane et al. (2012). We have
made a detailed chemical characterization of this GC, measuring
the abundance of 18 elements including light elements, alpha el-
ements, iron-peak and heavy elements, yielding a much more
detailed picture of the chemical evolution of this GC than previ-
ous available.
In section 2 we describe the observations and data reduction,
in section 3 we explain the methodology we used to calculate at-
mospheric parameters, errors and chemical abundances. In sec-
tion 4 we present our results concerning the variability in one
star of our sample and abundances for iron-peak elements, al-
pha elements, the Na-O anticorrelation, the Mg-Al relations and
heavy elements. Our findings are used in Sec. 5 to shed light on
the origin of NGC 6528. Finally, in Section 6 our conclusions
are presented.
2. Observations and data reduction
We observed red giants towards NGC 6528 with the fiber-
fed multiobject FLAMES spectrograph mounted at the ESO
VLT/UT2 telescope in Cerro Paranal (Chile) (ESO program ID
093.D-0286, PI S. Villanova). We here analyze the seven stars
observed with the blue and red arms of the high-resolution spec-
trograph UVES. FLAMES-UVES data have a spectral resolution
of about R'47000. The data were taken with central wavelength
580 nm, which covers the wavelength range 476-684 nm. Our
S/N is about 30 at 650 nm.
Six of the seven targets observed with FLAMES@UVES
came from the membership list of NGC 6528 previously pub-
lished in Saviane et al. (2012) and Mauro et al. (2014) using
FORS2 and VVV. Star #1 is not part of any previous study, but
was selected as a likely member based on its position in the
CMD. Our subsequent analysis shows that all seven stars are in-
deed members taking into account the radial velocity, metallic-
ity, CMD position and detailed chemical patterns. Their spatial
distribution is shown in Figure 1
All the stars of our sample belong to the upper RGB, as can
be clearly seen in the CMD of the cluster (Figure 2). Star #5 will
be discussed in section 4.1.
Data reduction was performed using the ESO CPL based
FLAMES/UVES Pipeline version 5.3.01 for extracting the in-
dividual fiber spectra. Data reduction includes bias subtraction,
flat-field correction, wavelength calibration, and spectral rectifi-
cation.
We subtracted the sky using the Sarith package in IRAF and
measured radial velocities using the FXCOR package in IRAF
and a synthetic spectrum as a template. The mean heliocentric
radial velocity for our seven targets is 210.8 ± 2.5 km s−1. Our
velocity dispersion is 6.7 km s−1.
Our mean radial velocity is compatible with the values in the
literature: Saviane et al. (2012) with four stars found a value of
205 ± 2 km s−1, Harris (1996, 2010 edition) quotes a value of
206.6 ± 1.4 km s−1, Carretta et al. (2001) found a value of 210
km s−1, Schiavon et al. (2017) reported a mean radial velocity
of 213 km s−1 for two stars and Origlia et al. (2005) found a
value of 210 km s−1 in a sample of four RGB stars. Table 1 lists
the stellar parameters of our sample: ID, the J2000 coordinates
(RA and Dec), J, H, Ks magnitudes from VVV PSF photome-
try (de-reddened), calibrated on the system of 2MASS (Mauro
et al. 2014; Cohen et al. 2017), heliocentric radial velocity, Teff,
log(g), metallicity and micro-turbulent velocity (vt). Moreover,
Table 2 shows the metallicity values from Saviane et al. (2012),
Mauro et al. (2014) and Liu et al. (2017).
3. Atmospheric Parameters and Abundances
We have analyzed our sample of seven members of NGC 6528
using the local thermodynamic equilibrium (LTE) program
MOOG (Sneden 1973). The procedure which we used in this
paper to calculate the atmospheric parameters is the same that
was described in our previous study of NGC 6440 (Muñoz et al.
2017). In Figure 4 we show the good agreement between our
stellar parameters and an isochrone of similar metallicity as we
derive ([Fe/H]=-0.14 dex) and age of 11 Gyr (Dotter et al. 2008).
Although NGC 6528 lies towards the bulge, its location in
Baade’s Window means the extinction is not as high as for other
nearby regions with similar Galactic coordinates. The mean
color excess quoted by Harris (1996, 2010 edition) is E(B-
V)=0.54 and Momany et al. (2003) found a very similar value
of E(B-V)=0.55. Moreover, like the majority of bulge GCs, it is
assumed to have differential reddening and certainly high crowd-
ing being in Baade’s Window, which complicates the identifica-
tion of member stars. We determined the stellar parameters di-
1 http://www.eso.org/sci/software/pipelines/
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Table 1. Parameters of the observed stars.
ID Ra DEC J H Ks RVH Te f f log(g) [Fe/H] vt
(h:m:s) ( ◦:′:′′ ) (mag) (mag) (mag) (km s−1) [K] dex [km/s]
1 18:04:42.16 -30:00:49.70 12.62 11.72 11.49 198.93± 0.21 4133 1.67 -0.16 1.14
2 18:04:51.32 -30:04:05.68 12.76 11.92 11.67 209.91±0.14 4357 2.00 -0.12 1.43
3 18:04:47.76 -30:03:47.05 12.71 11.82 11.56 215.30 ±0.16 4232 2.03 -0.24 1.52
4 18:04:50.13 -30:02:38.05 12.88 12.02 11.81 216.08±0.20 4369 2.14 -0.11 1.42
5 18:04:45.38 -30:03:46.94 11.87 10.95 10.68 209.70 ±0.23 4118 1.58 -0.55 1.79
6 18:04:51.17 -30:03:14.95 12.32 11.43 11.15 218.71± 0.19 4120 1.39 -0.20 1.27
7 18:04:48.75 -30:03:01.88 13.05 12.23 12.00 206.91 ±0.18 4299 1.86 -0.03 1.12
Notes. The J,H,Ks magnitudes are de-reddened PSF photometry of VVV (Mauro et al. 2014; Cohen et al. 2017).
Fig. 1. Distribution of the stars observed in NGC 6528 (yellow filled
circles). The red circle is the tidal radius (Harris 1996, 2010 edition).
Table 2. Iron abundances from previous studies.
ID. [Fe/H]this_work [Fe/H]S 12 [Fe/H]M14 [Fe/H]L17
1 -0.16±0.06 - - -
2 -0.12±0.06 - -0.15 ±0.14 -
3 -0.24±0.06 - -0.27± 0.14 -0.07±0.12
4 -0.11±0.06 -0.38 ± 0.16 -0.50±0.14 -
5 -0.55±0.06 - -0.17 ±0.14 -0.15 ±0.09
6 -0.20±0.06 -0.22±0.16 -0.44 ±0.14 -0.17±0.12
7 -0.03±0.06 -0.57±0.16 -0.64± 0.14 -
Notes. S12: Saviane et al. (2012); M14: Mauro et al. (2014); L17: Liu
et al. (2017)
rectly from the spectra, so our measurement of abundances is not
affected by the effects of reddening.
We used equivalent widths (EWs) of the spectral lines to ob-
tain the abundances for Ca, Ti, Fe, Co and Ni; the detailed ex-
planation of the method we used to measure the EWs is given in
J-Ks
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Fig. 2. CMD of NGC 6528 from the VVV survey corrected by the VVV
reddening maps (Gonzalez et al. 2012). The yellow filled circles are our
observed UVES sample.
Marino et al. (2008). Spectrum synthesis was used to determine
the abundances of the other elements (O, Na, Mg, Al, Si, Sc, V,
Cr, Mn, Cu, Zr, Ba and Eu), whose lines are affected by blend-
ing. We calculated five synthetic spectra of different abundance
for each line, and estimated the best-fitting value as the one that
minimizes the rms scatter. An example of this method is showed
in Figure 3 for two lines (Oxygen and Aluminum). Only lines
not contaminated by telluric lines were used. The adopted solar
abundances we used are reported in Table 3.
We performed an internal error analysis varying Te f f , log(g),
[Fe/H], and vt and redetermining abundances of each element
for star #3 of our sample, assumed to be representative of
the entire sample. Parameters were varied by ∆Te f f=+41 K,
∆log(g)=+0.14 dex, ∆[Fe/H]=+0.05 dex, and ∆vt=+0.13 km
s−1, which we estimated as our typical internal errors. The
amount of variation of the parameter was calculated using three
stars representative of our sample (#1,#3, and #4) with rela-
tively low, intermediate and high effective temperature respec-
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Fig. 3. Spectrum synthesis fits for Oxygen (star #5) and Aluminum (star
#5) lines respectively. The dotted line is the observed spectrum and the
solid color lines show the synthesized spectra corresponding to different
abundances.
tively, according to the procedure that was performed by Marino
et al. (2008), which we follow in this study. Moreover, the proce-
dure was used previously in several studies with excellent results
(Muñoz et al. 2013, 2017; Mura-Guzmán et al. 2018).
log Teff
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Fig. 4. Log g vs log Teff for our sample of seven stars. The overplotted
isochrone has a metallicity of -0.14 dex,[α/Fe]=+0.20 dex and age of
11 Gyr (Dotter et al. 2008).
Fig. 5. Top left: light curve of the candidate variable star. Top right:
Generalized Lomb Scargle periodogram shows a strong peak at 0.25729
days. Bottom: Phased light curve of the candidate variable star.
The error introduced by the uncertainty on the EW (σS/N)
was calculated by dividing the rms scatter by the square root of
the number of the lines used for a given element and a given
star. For elements whose abundance was obtained by spectrum-
synthesis, the error is given in the output of the fitting procedure.
Finally, the error for each [X/Fe] ratio as a result of uncer-
tainties in atmospheric parameters and σS/N are listed in Table
4. The total internal error (σtot) is given by:
σtot =
√
σ2Te f f + σ
2
log(g) + σ
2
vt + σ
2
[Fe/H] + σ
2
S/N (1)
In Table 4 we compare the total internal error for each ele-
ment with the observed error (standard deviation of the sample).
4. Results
Here we discuss our results in detail, compare them with previ-
ous studies of this cluster and also make a general comparison
with other bulge globular clusters analysed up to now.
4.1. Variability
We have checked the variability of all our stars using the VVV
survey data (Minniti et al. 2010; Saito et al. 2012), which gives
us multicolor photometry in five bands: Z (0.87 um), Y(1.02
um), J (1.25 um), H (1.64 um) and Ks (2.14 um). The survey
covers an area of 562 square degrees, with 196 tiles that cover
the bulge and 152 covering the adjacent southern plane. NGC
6528 is located on tile b278 whose central coordinates are RA:
18:04:40.94 DEC: -30:13:18.5 (J2000). The VVV catalogue of
aperture photometry for each epoch was obtained from the Cam-
bridge Astronomical Survey Unit (CASU2). The catalogue have
position, fluxes and flag which indicate the most probable mor-
phological classification. In this last case, the flag "-1", which
2 http://apm49.ast.cam.ac.uk/
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Table 3. Abundances of the observed stars.
El. 1 2 3 4 5 6 7 Cluster Sun
[O/Fe] 0.07 0.00 0.31 0.15 0.11 -0.09 -0.09 +0.07±0.05 8.83
±0.03 ±0.04 ±0.04 ±0.06 ±0.05 ±0.03 ±0.05
[Na/Fe]NLTE 0.10 -0.02 0.31 0.75 0.82 0.60 0.19 +0.39±0.13 6.32
±0.08 ±0.07 ±0.06 ±0.07 ±0.06 ±0.04 ±0.07
[Mg/Fe] 0.34 0.37 0.24 0.20 0.29 0.28 0.11 +0.26±0.03 7.56
±0.03 ±0.05 ±0.05 ±0.06 ±0.07 ±0.04 ±0.06
[Al/Fe] 0.44 0.32 0.54 0.56 0.49 0.40 0.33 +0.44±0.04 6.43
± 0.04 ±0.04 ±0.04 ±0.05 ±0.07 ±0.04 ±0.05
[Si/Fe] 0.16 -0.17 -0.06 0.20 -0.10 -0.07 -0.12 -0.02±0.05 7.61
±0.08 ±0.06 ±0.06 ±0.07 ±0.06 ±0.04 ±0.08
[Ca/Fe] 0.01 -0.10 0.02 0.02 0.10 0.21 -0.05 +0.03±0.04 6.39
±0.07 ±0.06 ±0.04 ±0.06 ±0.05 ±0.05 ±0.06
[Sc/Fe] 0.32 0.22 0.38 0.41 -0.12 0.04 0.11 +0.19±0.07 3.12
±0.07 ±0.06 ±0.06 ±0.07 ±0.07 ±0.04 ±0.07
[Ti/Fe] 0.44 0.24 0.47 0.52 0.60 0.73 0.45 +0.49±0.06 4.94
±0.03 ±0.04 ±0.04 ±0.06 ±0.05 ±0.06 ±0.06
[V/Fe] 0.13 0.17 0.22 0.19 0.33 0.25 0.23 +0.22±0.02 4.00
±0.06 ±0.06 ±0.06 ±0.06 ±0.05 ±0.04 ±0.06
[Cr/Fe] 0.07 -0.07 0.31 0.10 0.18 0.26 -0.03 +0.12±0.05 5.63
±0.10 ±0.10 ±0.10 ±0.11 ±0.06 ±0.06 ±0.08
[Mn/Fe] 0.40 0.04 0.27 0.04 0.45 0.17 0.08 +0.21±0.06 5.37
±0.09 ±0.07 ±0.09 ±0.09 ±0.07 ±0.08 ±0.09
[Fe/H] -0.16 -0.12 -0.24 -0.11 -0.55 -0.20 -0.03 -0.20±0.06 7.50
±0.03 ±0.02 ±0.02 ±0.03 ±0.04 ±0.03 ±0.03
[Co/Fe] 0.74 0.52 0.64 0.61 0.54 0.83 0.53 +0.63±0.04 4.93
±0.08 ±0.08 ±0.09 ±0.10 ±0.09 ±0.08 ±0.10
[Ni/Fe] 0.25 0.15 0.22 0.16 0.13 0.41 0.22 +0.22±0.04 6.26
±0.05 ±0.06 ±0.08 ±0.06 ±0.06 ±0.08 ±0.08
[Cu/Fe] 0.15 0.01 0.49 0.31 0.44 0.47 0.52 +0.34±0.07 4.19
±0.09 ±0.11 ±0.12 ±0.13 ±0.10 ±0.10 ±0.12
[Zr/Fe] -0.19 -0.22 -0.14 -0.17 -0.05 -0.19 -0.15 -0.16±0.02 2.25
±0.05 ±0.04 ±0.06 ±0.06 ±0.04 ±0.04 ±0.06
[Ba/Fe] 0.04 0.07 0.08 0.06 0.00 0.08 0.10 +0.06±0.01 2.34
±0.06 ±0.05 ±0.06 ±0.07 ±0.04 ±0.04 ±0.06
[Eu/Fe] 0.30 0.25 0.37 0.31 0.13 0.16 0.26 +0.25±0.03 0.52
±0.04 ±0.05 ±0.05 ±0.05 ±0.04 ±0.04 ±0.06
Notes. Columns 2-8: abundances of the observed stars in NGC 6528. Column 9: mean abundance for the cluster, we include the statistical errors
obtained from the mean. Column 10: abundances adopted for the Sun in this paper. Abundances for the Sun are indicated as log(El.).
The errors presented for each abundance, in columns 2-8, was calculated by dividing the rms scatter by the square root of the number of the lines
used for a given element and a given star. For elements whose abundance was obtained by spectrum-synthesis, the error is the output of the fitting
procedure.
was chosen for this analysis, denote the best-quality photometry
of stellar objects, other flags in the catalogue are "0" (noise), "-
2" (borderline stellar), "-7" (sources containing bad pixels), and
"-9" (saturated source).
In order to detect any periodic signals, we computed the Gen-
eralized Lomb Scargle (GLS) (Zechmeister & Kürster 2009) and
Phase Dispersion Minimization (PDM) (Stellingwerf 1978) al-
gorithms of each star using aperture photometry. As a result, we
detected significant variability in star #5.
After this previous confirmation, we verified the variability
in this star using PSF photometry. Because the time series con-
tains multiple points for each epoch, we performed the average
for epochs with a few seconds of separation. We obtained a total
of 73 epoch in the Ks band from April 2010 to September 2015,
in a range of 10.6311 < Ks < 10.7035 mag. We found a period
of 0.25729 days, as shown in figure 5. The amplitude of the light
curve was determined by the Fourier fit, yielding 0.05 mag.
We couldn’t identify the type of variable, since it is difficult
to classify variability type, due to the few features showed in Ks
bands (Catelan et al. 2013; Alonso-García et al. 2015).
4.2. Iron
We found a mean [Fe/H] value for all our sample of seven stars
of [Fe/H]=−0.20 ± 0.06 dex. However, the scatter observed is
σobs=0.16, which is significantly larger than the total expected
spread of only 0.05 dex and is thus not due to errors in the at-
mospheric parameters, which are small in comparison with the
scatter (see table 4). However, it is important to note that our
sample is small, only seven stars, and thus small sample statistics
could be at fault. Moreover, one of the stars shows a very extreme
metallicity compared to the others (star #5, see table 1). This star
is indeed the variable candidate (see Figure 5 and section 4.1).
It is quite possibile that the variability has affected the measure-
ment of the iron abundance of this star in some way, causing a
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Table 4. Estimated errors on abundances for representative star of our sample (star #3), due to errors on atmospherics parameters and to spectral
noise, compared with the observed errors.
ID ∆Te f f = 41K ∆log(g) = 0.14 ∆vt = 0.13 ∆[Fe/H] = 0.05 σS/N σtot σobs
∆([O/Fe]) -0.02 0.03 -0.06 -0.04 0.04 0.09 0.14
∆([Na/Fe]) 0.04 -0.03 -0.04 -0.04 0.06 0.10 0.33
∆([Mg/Fe]) 0.05 0.05 0.07 0.05 0.05 0.12 0.09
∆([Al/Fe]) 0.03 0.02 0.05 -0.02 0.04 0.08 0.10
∆([S i/Fe]) 0.05 0.06 0.04 0.04 0.06 0.11 0.14
∆([Ca/Fe]) -0.01 0.01 0.05 -0.01 0.04 0.07 0.10
∆([S c/Fe]) 0.03 -0.05 0.00 0.04 0.06 0.09 0.19
∆([Ti/Fe]) -0.01 -0.01 0.05 -0.01 0.04 0.07 0.15
∆([V/Fe]) 0.02 0.07 0.05 0.06 0.06 0.12 0.06
∆([Cr/Fe]) 0.00 0.00 0.05 0.00 0.10 0.11 0.14
∆([Mn/Fe]) 0.00 0.03 0.06 -0.05 0.09 0.12 0.17
∆([Fe/H]) 0.01 0.02 0.03 0.03 0.02 0.05 0.16
∆([Co/Fe]) 0.02 -0.03 0.06 0.02 0.09 0.12 0.12
∆([Ni/Fe]) 0.02 -0.03 0.05 0.02 0.08 0.10 0.09
∆([Cu/Fe]) 0.12 0.06 0.05 0.10 0.12 0.21 0.19
∆([Zr/Fe]) 0.11 0.07 0.06 0.08 0.17 0.12 0.05
∆([Ba/Fe]) 0.05 0.04 0.06 -0.01 0.06 0.11 0.03
∆([Eu/Fe]) 0.01 0.06 0.03 0.03 0.05 0.09 0.08
large offset with respect to the cluster mean. Another detailed
spectroscopic analysis of this star is needed to investigate possi-
ble variability effects on the metallicity derivation. We note that,
according to its radial velocity, position in the CMD and atmo-
spheric parameters, this star is very likely a cluster member.
Nonetheless, if we remove star #5 from the sample, assum-
ing that it is an outlier (presumably due to the variability), we
obtain a metallicity average of [Fe/H]=−0.14 ± 0.03 dex and a
scatter of 0.07, essentially what is expected from errors alone.
Therefore, we need a larger sample to conclusively prove or dis-
prove an intrinsic metallicity spread. We note that Mauro et al.
(2014) found a mean of [Fe/H]=-0.18±0.14 dex with a spread
of 0.20 dex using low resolution CaT spectra together with NIR
photometry for a similar sample of stars (see table 2), and sug-
gested a possible intrinsic variation. However, their uncertainties
are larger than ours. Note that they found star #5 to have a metal-
licity virtually identical with their mean value.
Comparing our results with Saviane et al. (2012) we note
that we have three stars in common (see table 2). Star #7 shows
a significant difference between the two studies while the other
two stars do not. If we use the metallicity scale of Dias et al.
(2016a,b) for NGC 6528 the average is [Fe/H]=-0.13±0.07, in
excellent agreement with our results.
Schiavon et al. (2017) found a metallicity of -0.19 dex in two
stars. Origlia et al. (2005) measured the abundance of four stars
using near infrared spectroscopy and found a mean metallicity
of -0.17 dex. Zoccali et al. (2004) derived a value of -0.10 dex in
three stars and Harris (1996, 2010 edition) quotes a metallicity
of -0.11 dex for NGC 6528. Liu et al. (2017) found a metallic-
ity of 0.04 dex with a scatter of 0.07 dex, their S/N is similar
to ours. Moreover, we have three stars in common (see table 2),
with good agreement for star #3 and #6. Again, their value for
star #5 is not unusual compared to their other two stars. And
Carretta et al. (2001) mesaured the metallicity in four RHB stars
in NGC 6528, they found a metallicity of 0.07 dex with the total
errors of ∼0.1 dex. In general, we conclude that our mean metal-
licity is in good agreement with previous results. Even if [Fe/H]
for star #5 is lower than the mean, its [El./Fe] ratios agrees with
the rest of the sample.
4.3. Iron-peak elements
The iron peak elements, although they have not been widely
studied in bulge GCs, are very useful tools to better understand
better their chemical evolution. They are produced mainly by
SNe and massive stars, the most important polluters of the ISM.
In this study, we have measured the abundance of six iron-peak
elements: Fe, Sc, V, Cr, Mn and Ni (see table 3 and figure 6). We
here analyze the other elements besides Fe.
In figure 6 we plot iron-peak element abundance versus
[Fe/H] comparing with two Bulge GCs: NGC 6553 (Tang et al.
2017) and with our previous study of NGC 6440 (Muñoz et al.
2017). We find for NGC 6528 a super-solar abundance for all
the iron peak elements, although slightly more moderate for the
case of V and Ni. In general, NGC 6528 shows good agreement
with NGC 6553 (Tang et al. 2017) and with bulge field stars from
Barbuy et al. (2013) and Johnson et al. (2014).
Although we do not have bulge field star measurements for
Sc or V, we notice that NGC 6528 follow the Galactic disk field
star trend but at higher abundance, which is typical behavior of
bulge stars.
We found an overabundance in [Mn/Fe]=0.21±0.06 dex for
NGC 6528 (see Figure 6). This overabundance of Mn is an indi-
cation of a formation site rich in Mn, which is mainly produced
in SNeIa (Iwamoto et al. 1999; Kobayashi et al. 2006; Cescutti
et al. 2008). Nickel shows in general very good agreement with
the bulge field and with NGC 6553.
The nucleosynthetic origin of copper is not very clear
(McWilliam & Smecker-Hane 2005). Some authors suggest
SNeIa do not contribute significantly to Cu synthesis (Shetrone
et al. 2003). Nevertheless, Matteucci et al. (1993) and Mishenina
et al. (2002) indicate that SNeIa could be an important producer
of copper. In the case of NGC 6528, we found a very good agree-
ment with NGC 6553 and bulge field stars (See figure 6).
In summary, NGC 6528 shows good agreement with
NGC 6553 for each element compared (Cr, Ni and Cu) and good
agreement with bulge field stars as well. The super-solar value
found for all iron-peak elements measured in this study could
be an indication of a strong early pollution by SNe explosions,
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Fig. 6. [Sc,V,Cr,Mn,Ni,Cu/Fe] vs [Fe/H]. Filled yellows circles are our
data for NGC 6528, filled blue triangles: NGC 6440 (Muñoz et al.
2017), filled orange triangles: Bulge field stars (Barbuy et al. 2013;
Johnson et al. 2014), filled gray triangles: halo and disk stars (Fulbright
2000; François et al. 2007; Reddy et al. 2003, 2006), filled dark green
triangles: NGC 6553 (Johnson et al. 2014).
mainly SNeIa. However, the detailed origins of many of these
elements remain unclear.
Carretta et al. (2001) derivated the abundances for the iron-
peak elements (Sc, V, Cr, Mn, and Ni) in four RHB stars. Com-
paring it with our result, we found a significative difference. Al-
though taking into account the errors in both studies, we can
found compatibility between Sc, Cr, and Ni (see Figure 13).
Moreover, our finding show good compatibility with the re-
sult of Barbuy et al. (2016), they concluded that abundances of
HP1 agree with enrichment by SNII at early epoch, our result
show a good agreement with enrichment by SNIa, which happen
later. These results are indication that NGC6528 is younger that
HP1, which would be expected by its metallicity. In fact, the age
measurement by Ortolani et al. (2011) for HP1 is ∼13 gyr and
Lagioia et al. (2014) found a age of ∼11 gyr for NGC 6528.
4.4. α elements
We measured five α elements (O, Mg, Si, Ca and Ti). We found
that the abundances for O, Si and Ca listed in Table 3 (see figure
7) are essentially solar. However, Mg and Ti are definitively en-
hanced (see table 3 and Figure 7). We use Mg, Si, Ca, and Ti to
estimate a mean α abundance. We obtain:
[α/Fe]=0.19 ± 0.03
Origilia et al (2005) using NIR spectroscopy for four mem-
bers of NGC 6528 found a value for [α/Fe] ' +0.33 ± 0.01,
higher than our value. They obtain the α abundances using the
same elements used in this study (Mg, Si, Ca and Ti). Carretta
et al. (2001) measured the alpha abundances in their sample of
RHB star, and their values are higher than our, in particular in the
case of Titanium, the other elements (Mg, Si, and Ca) are com-
patible considering the errors. Also, Zoccali et al. (2004) found a
value [α/Fe] ' +0.1, consistent with our results (see Figure 13).
It is interesting to note that NGC 6528 shows good agree-
ment with the Bulge field stars with regard to α elements. In the
case of O, Si and Ca, the cluster follows the trend for the lower
part of the field star distribution, while Mg is in the middle of
this distribution and Ti in the upper envelope. This certainly is
indicative of a similar origin (see section 5).
Notably, the typical α elements that generally show a sub-
stantial spread among GCs, O and Mg, do not show evidence
for an intrinsic variation in NGC 6528, very reminiscent of the
behavior we found for the bulge GC NGC 6553.
In general, we see that all the metal rich bulge GCs that
we include in this study (NGC 6440, NGC 6441, Terzan 5,
NGC 6553 and NGC 6528) show good agreement with the ten-
dency of the bulge field stars (See Figures 7 and 8).
As mentioned in our work on NGC 6440 (Muñoz et al.
2017), the alpha elements in NGC 6528 also show a peculiar
behavior. In the graph of [α/Fe] versus [Fe/H], NGC 6528 is lo-
cated at a higher metallicity than the so-called knee, which marks
the change between a high rate of pollution of the α-elements
from SNeII to a pollution coming mainly from SNeIa with less
production of alpha-elements. The patterns, which are observed
in O, Si and Ca, would indicate that NGC 6528 was formed in
an area mainly polluted by SNeIa. However, Mg and Ti remain
at SNeII-enhanced levels despite the high metallicity of this GC.
This argument is supported by Zoccali et al. (2004) for O, Ca and
Mg, also by Carretta et al. (2001) for O and Mg, and by Schiavon
et al. (2017) for the case of Mg. On the other hand, the argument
is not well supported by Origlia et al. (2005) (see Figure 13). It
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is necessary take into account that for all the studies, including
ours, the samples are small to be conclusive about it.
4.5. Na-O anticorrelation
This is the most famous anticorrelation among GCs, the prime
evidence associated with MPs in GCs (Carretta et al. 2009a,b;
Gratton et al. 2012). However, note that at least one GC,
Ruprecht 106, apparently does not show this anticorrelation, al-
though it is likely an extragalactic GC (Villanova et al. 2013).
According to the models (Ventura & D’Antona 2006), the GCs
that show this anticorrelation form a first generation of stars fol-
lowed by a second generation which is much more Na-rich and
O-poor. The nature of the polluters and the details of the pol-
lution process are currently hotly debated. We did not find an
extended O-Na anticorrelation, especially in the case of Oxy-
gen. Comparing the scatter in our measurement, we found a sig-
nificant intrinsic spread in Na (σobs=0.33) while in the case of
the Oxygen (σobs=0.14) is very similar to the expected observa-
tional errors (σtot=0.09). This behavior is strange because com-
monly the Galactic GCs show a large spread in both Oxygen and
Sodium.
Origlia et al. (2005) obtained the abundance of Oxygen for
four giants, and the average is [O/Fe]=0.31 dex without signi-
ficative dispersion. In spite of their value is higher than our, are
consistent take into account the errors of both (see Figure 13).
Carretta et al. (2001) found a mean of Oxygen of [O/Fe]=0.07
dex in three stars, in the case of Na, Carretta found a mean
of [Na/Fe]=0.40 dex in four stars, their values are in excellent
agreement with our findings (see Figure 13). Zoccali et al. (2004)
measured the abundance of Oxygen for three RGB stars in
NGC 6528. They found an average of [O/Fe]=0.15 dex with very
low dispersion. In addition, they found a mean for [Na/Fe]=0.43
dex with a large dispersion. Although these results are only for
three stars, their behavior is consistent with our results (see Fig-
ure 13). Finally, Schiavon et al. (2017) report the chemical abun-
dances for Na in two stars with a value of 0.23 dex and 0.61 dex,
despite that are only two stars reported, these are in concordance
with our measurement for Na (see Figure 13).
When we study the Na-O anti-correlation for additional
bulge GCs (see figure 9), we note that NGC 6528 (this study),
NGC 6440, NGC 6553 and HP1 show a vertical O-Na trend,
marked by a significant spread in Na, but not in Oxygen. In fact,
the bulge GCs show a low intrinsic oxygen scatter, consistent
with no true spread. We must bear in mind that the samples are
in general small. Therefore, we need to check this behavior with
a larger sample. If this trend holds, it would highlight a chemical
evolution difference in the bulge GCs compared to typical halo
GCs.
4.6. Mg-Al
Carretta et al. (2009b) found a Mg-Al anticorrelation in a large
sample of Galactic GCs. The Mg-Al chain plays an important
role in this correlation, However, very high temperatures are nec-
essary to achieve it. Aluminum shows a large spread in many
Galactic GCs, particularly those with a metallicity lower than
[Fe/H] = - 1.1 dex (Mészáros et al. 2015). Also, Pancino et al.
(2017) verify that the Mg-Al anticorrelation extension depends
on cluster mass and metallicity.
Carretta et al. (2001) measured the abundances of Magne-
sium in three RHB stars, the average obtained is [Mg/Fe]=0.14
dex. Origlia et al. (2005) obtained the abundances of Magne-
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Fig. 7. [O/Fe],[Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe] vs [Fe/H]. Filled yel-
low circles are our data for NGC 6528, filled blue triangles: NGC 6440
(Muñoz et al. 2017), filled red triangles: NGC 6441 (Gratton et al. 2006,
2007), filled purple triangles: Terzan 5 (Origlia et al. 2011, 2013), filled
dark green triangles: NGC 6553 (Tang et al. 2017), filled magenta tri-
angles: HP1 (Barbuy et al. 2016), filled orange triangles: bulge field
stars(Gonzalez et al. 2012), filled grey triangles: Halo and Disk fields
stars (Venn et al. 2004).
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Fig. 10. [Mg/Fe] vs [Al/Fe]. Filled yellow circles are our data for
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sium in four giants stars, the average obtained is [Mg/Fe]=0.35
dex. Zoccali et al. (2004) found a mean in Magnesium of
[Mg/Fe]=0.07 dex, in three stars. Finally, Schiavon et al. (2017)
reported the chemical abundances for Magnesium and Alu-
minum in two stars, the averages found by them are: [Mg/Fe]=
0.15 dex and [Al/Fe]=0.28 dex. These studies have small sam-
ples or in other cases have measurement only for Magnesium,
in this context our results are compatible with these studies (see
Figure 13).
We find no Mg-Al anticorrelation in NGC 6528 (see Fig-
ure 10). Indeed, we find no significant spread in Al (σobs=0.10)
or in Mg (σobs=0.09), similar to the case for NGC 6553 and
NGC 5927 (Mura-Guzmán et al. 2018), another metal-rich GC
from the disk, but in contrast with NGC 6440, which does show
a Mg-Al anticorrelation. From our study (Muñoz et al. 2017),
this bulge globular cluster does not show a large extension in
the Mg-Al anticorrelation, but it has a significant spread in Al
(σobs=0.18), unlike NGC 6528.
4.7. Neutron-Capture elements
Analyzing these elements helps us to understand better the pro-
cesses involved in the creation of MPs in GCs. E.g., low-mass
AGB stars produce mainly s-elements like Ba (Gallino et al.
1998; Straniero et al. 2006), and SNeII explosions are associated
mainly with r-process element production.
We measured three heavy elements: Zr, Ba and Eu. We
find that the abundance of Ba for NGC 6528 is slightly super-
solar ([Ba/Fe]=0.06 dex), showing a similar value to that of
NGC 6441 (see Figure 11). Carretta et al. (2001) obtained the
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Ba abundances in four RHB stars in good agreement with our
results (see Figure 13).
For [Eu/Fe], the bulge field stars show a decrease with
[Fe/H]. The decrease is due to the production of iron by SNeIa
(Ballero et al. 2007). In the case of Europium, we found a
supersolar value ([Eu/Fe]=0.25), in very good agreement with
the bulge field star trend and with other bulge GCs including
NGC 6440 and NGC 6441 (see figure 11).
In Figure 12 we observe [Ba/Eu] versus [Fe/H] which allows
us to establish the relative importance between s-process versus
r-process. In the case of NGC 6528, we found a value of [Ba/Eu]
subsolar, similar to the values shown by NGC 6441, which sug-
gests that the heavy elements have been produced mainly by ex-
plosive events in SNeII. We also noticed very good agreement
with the bulge (see figure 12).
Our results are compatible with the results found by Van der
Swaelmen et al. (2016), which found a turnover in metallicity
around [Fe/H]∼ -0.6 dex, indicating an enrichment from SNe Ia.
In this same context, Van der Swaelmen compared thick disk
stars (Bensby et al. 2004) with a sample from bulge microlensed
stars (Bensby et al. 2013), he found a small difference in the
chemical enrichment between bulge and thick disk stars, appar-
ently associated with a different SN II/SN Ia ratios along time.
The decreasing of Zr with the metallicity for the bulge field
stars is evident in figure 11, this trend was detected by Johnson
et al. (2012). Our sample of 7 stars of NGC 6528 shows good
agreement with the pattern of Zr in this regime of metallicity.
Also, we found that our sample is depleted in Zr ([Zr/Fe]=-0.16).
5. Conclusions
This is the second paper of a series of papers about metal rich
bulge GCs. In this paper, we have presented a detailed chemical
characterization of NGC 6528 from seven red giant members.
Using VLT FLAMES/UVES high resolution spectra, we mea-
sured 18 chemical elements and we performed a detailed error
analysis. This allowed us to make a robust comparison with our
first study on NGC 6440 as well as with many other Milky Way
objects (bulge field stars, disk field stars, halo field stars, Galactic
GCs). The most important results of this study are summarized
in the following:
– We found a candidate variable star (star #5) in our sample. It
turns out to be the most metal poor of the sample ([Fe/H]=-
0.55 dex), which may be due to its variaability, but all its
chemical patterns show good agreement with the other mem-
bers of NGC 6528.
– We obtained a mean iron abundance of [Fe/H]=-0.14±0.06
dex in good agreement with previous literature values. We
did not find a significant spread in iron, although our sample
is small (after deleting the one dubious outlier).
– We measure five iron-peak elements. These show very good
agreement with the bulge field stars trend, especially with the
bulge GC NGC 6553.
– The alpha-elements also show good agreement with bulge
field stars and NGC 6553.
– We did not find an extended O-Na anticorrelation. This re-
lationship is more vertical, similar to other Bulge GCs, sug-
gesting that only Na varies and O is fixed.
– We have found no Mg-Al anticorrelation. Neither did we find
a real spread in either Al or in Mg.
– Heavy elements follow the trend of the bulge field stars and
the bulge GCs.
– [Ba/Eu] versus [Fe/H] shows good agreement with NGC
6441. Moreover, it is dominated by r-process material.
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Fig. 11. [Zr,Ba, Eu/Fe] vs [Fe/H]. Filled yellow circles are our data for
NGC 6528, filled blue triangles: NGC 6440 (Muñoz et al. 2017) filled
red triangles: NGC 6441 (Gratton et al. 2006), filled magenta triangles:
HP1 (Barbuy et al. 2016), filled orange triangles: bulge field stars (Van
der Swaelmen et al. 2016), filled gray triangles: Halo and disk stars
(Fulbright 2000; François et al. 2007; Reddy et al. 2006; Barklem et al.
2005; Venn et al. 2004).
– The origin of NGC 6528 is undoubtedly similar to the Bulge
of the Milky Way, and especially to that of the bulge GC
NGC 6553.
In all of the chemical comparisons we have made, NGC 6528
exhibits very good agreement with the general bulge chemical
patterns, with the only minor exception being Mn. This behav-
ior, together with its metallicity, could be indicative of a strong
original contamination by SN.
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The alpha-elements in the bulge field stars is a good indi-
cator about the origin, because exhibits an overabundance in
these elements (McWilliam & Rich 1994; Zoccali et al. 2006).
In agreement with high rate of star formation in a early epoch,
probably in the first Gyr (Lagioia et al. 2014). Our discovery for
NGC 6528 and for the majority of the bulge GCs analyzed in
this study are compatible with this behavior.
Furthermore, we note that in the case of the O-Na anticor-
relation, several of the Bulge GCs show only a Na variation
without a significant O spread (Hp1, NGC 6440, NGC6528,
NGC6553), again indicating a possible similar origin and evo-
lution for these bulge GCs, and apparently different from that
of Halo GCs. In particular, we highlight that for each chemical
pattern in which we compared NGC 6528 with NGC 6553, we
found very good agreement, indicating a similar evolution and
origin.
According to Dinescu et al. (2003) the velocity of NGC 6528
is indication of a radial orbit confined to the galactic plane. Also,
its rotation velocity show good agreement with the velocity pre-
dicted for the Milky Way bar (Dinescu et al. 2003).
NGC 6528 is an GC with a age of 11 Gyr (Lagioia et al.
2014) and one of the most metal rich galactic GC ([Fe/H]=0.14),
all the pattern, chemically and dynamically, support the idea of
NGC 6528 is a bulge GCs with the similar origin and evolution
of the bulge of the Milky Way.
Finally, the most interesting of the above results are the lack
of any Na-O or Mg-Al anticorrelation and the homogeneity of
the O, Mg and Al abundances, although the sample size is lim-
ited. This trend is in general in good agreement with other Bulge
GCs (NGC 6441, NGC 6553, NGC 6440). This could indicate a
different evolution from that of the typical halo or disk GCs. As
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[O
/F
e]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[N
a/
Fe
]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[M
g/
Fe
]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[A
l/F
e]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[S
i/F
e]
−0.6 −0.4 −0.2 0.0 0.2
−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[C
a/
Fe
]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[S
c/
Fe
]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[T
i/F
e]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[V
/F
e]
−0.6 −0.4 −0.2 0.0 0.2−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
[C
r/F
e]
−0.6 −0.4 −0.2 0.0 0.2−0.5
−0.3
−0.1
0.1
0.3
0.5
0.7
[M
n/
Fe
]
−0.6 −0.4 −0.2 0.0 0.2
[Fe/H]
−0.5
−0.3
−0.1
0.1
0.3
0.5
0.7
[N
i/F
e]
−0.6 −0.4 −0.2 0.0 0.2
[Fe/H]
−0.5
−0.3
−0.1
0.1
0.3
0.5
0.7
[B
a/
Fe
]
Fig. 13. Comparison between this study (yellow filled circles) with
other studies for NGC 6528. Green filled squares from Carretta et al.
(2001), orange filled pentagons from Origlia et al. (2005), filled blue
stars from Zoccali et al. (2004), red filled crosses from Schiavon et al.
(2017).
usual, additional studies, with much larger samples of clusters
as well as stars per cluster, will be needed to clearly define and
understand these trends.
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